Chord length distributions for rectangular parallelepipeds of various relative dimensions were studied in relation to radiation hardness testing. For each geometry, a differential chord length distribution was generated using a Monte Carlo method to simulate exposure to an isotropic radiation source. The frequency and dose distributions of chord length crossings for each geometry, as well as the means of these distributions, are presented. In every case, the dose mean chord length was greater than the frequency mean chord length with a 34.5% increase found for the least extreme case of a cube. This large increase of the dose mean chord length relative to the frequency mean chord length demonstrates the need to consider rare, long-chord-length crossings in radiation hardness testing of electronic components.
Introduction
Microdosimetry is the study of the patterns of energy deposition from ionizing radiation interacting with microscopic volumes much smaller than the range of secondary particles generated by the incident particle. Since its inception less than 50 years ago, it has been very important in the field of radiobiology [1] . Because of this, metrics evolved around a standard geometry of a 1 m sphere [2] and published results from experimental measurements are related to radiation interaction with a spherical or cylindrical detector. Over the past decade or so, increasingly small components have been developed to meet the demands of the electronics industry and, as a result, the amount of charge necessary for inducing a single event effect (SEE) becomes correspondingly smaller [3] . In deep space SEE production results mainly from the traversal by heavy ions that make up the galactic cosmic ray (GCR) spectrum. In low-Earth orbits SEE production is dominated by proton-induced spallation reactions [3] . As many of the components manufactured today can easily have dimensions on the order of several micrometers, the principles of microdosimetry have application in stability testing of these microchips intended for use in radiation fields. However, the differences in geometry between the sphere and the parallelepiped need to be considered.
A significant amount of work has been performed at accelerator facilities to test the radiation hardness of electronic components. Attention is often given to the influence of geometric factors on SEE rates. While several recent studies have considered the incident angle of the beam in radiation hardness testing [4] [5] [6] [7] , many apparently do not [8, 9] and this is a crucial factor when analyzing upsets as a function of energy delivered. It is recognized that some radiation hardness testing has been focused on the influence of beam energy, linear energy transfer (LET), and other nongeometry factors or has had geometry factors as a secondary area of study.
Even with that recognition in mind, it seems as though insufficient consideration has been given to geometric effects, specifically, the influence of long-chord-length crossings on the dose to the component of interest. It will be demonstrated, through an analysis of chord length distributions, that these long-chord-length crossings, despite their relative infrequent occurrence, are too important to be ignored and must be considered to completely assess an electronic component's susceptibility to SEEs.
Science and Technology of Nuclear Installations
Studying the chord length distributions produced by random traversals relating to radiation hardness testing is not a novel concept. Previous work has considered both the differential [10] [11] [12] and integral [11] chord length distributions. What is unique, however, is the present consideration of the dose distributions for chord length crossings in addition to the commonly used frequency distribution.
Methods
The original driving force in the evolution into modern microdosimetry was the need to characterize the LET of the incident radiation as it is used somewhat as a marker of the radiation's damaging ability [1] . LET, commonly used in radiation hardness testing of microelectronics, is a macroscopic average of the energy lost by the incident radiation in the direction of traversal and classically carries units of MeV/cm [13] . For use in radiation biology and due to the size of the target studied, these units were seen as less than sufficient so a factor of 10 is employed converting LET into units of keV/ m, where 10 MeV/cm = 1 keV/ m, now much more meaningful to the volumes of concern. This, however, does not solve the problem that LET is a one-dimensional concept that does not describe the radial extent of energy transfer [14, 15] . At the macroscopic level, different incident particles may have the same LET at some point along their path but, due to the dependence of secondary delta-ray energy as a function of velocity, the local energy deposited may be very different due to energy escaping the volume of interest. This radial energy loss is a factor of both the incident ion velocity and the target geometry. Therefore, microscopic energy measurements are commonly presented in terms of the stochastic energy deposition or dose distributions in the volume and geometry relevant to the study [3] .
The most common stochastic value used in microdosimetry measurements and simulations is lineal energy. The lineal energy is
where is the energy imparted to the matter in a given volume by a single energy-deposition event and is the mean chord length of the volume [3] . The mean chord length of a convex body is
where is the volume and is the surface area [16] . Microdosimetry spectra [3] are commonly expressed in terms of the lineal energy , its differential distribution ( ), and the mean of this distribution which is
The dose distribution, reflecting the fact that higher lineal energies deposit a higher dose [17] , is also often considered where
and the mean of this distribution, the dose mean lineal energy, is
where is the frequency mean lineal energy from (3). The frequency mean lineal energy is the first moment of the ( ) distribution and the dose mean lineal energy is the ratio of the second and first moments of the ( ) distribution [3] .
For the case of radiation hardness testing, the methodology of can be applied to the chord length of a convex body. Thus, the frequency distribution of the chord length ( ) has a mean value of
where is the differential chord length. The frequency mean chord length calculated by (6) is the numerical equivalent to the analytical value calculated by (2) . It must be kept in mind that this value is the frequency mean chord length and this equivalence between and only exists because of the isotropic nature of space radiation. This equivalence does not exist for nonisotropic sources. Likewise, again applying the fact that longer chord lengths result in a higher energy imparted [17] , the dose distribution is
with a mean value of
where, again, is the differential chord length. These chord length mean values have the same relationship to the ( ) distribution as the mean values did to the ( ) distribution. The frequency mean chord length is the first moment of the ( ) distribution and the dose mean chord length is the ratio of the second and first moments of the ( ) distribution.
The value is the dose mean chord length, that is, the chord length equal to the mean of the ( ) distribution. It is these frequency and dose mean chord lengths, and perhaps more importantly the difference between the two, that are of interest in radiation hardness testing. As will be seen in the next section, these long-chord-length crossings contribute significantly to the total dose despite their relative infrequency.
A simple Monte Carlo algorithm, based on previous work [18] and utilizing a linear congruential random number generator [19] , was implemented to produce the chord length frequency distributions for each geometry. These chord length distributions are equivalent to the path length distributions that would result from exposure to an isotropic source of charged particles. The novelty of this methodology is contained within the analysis of the chord length distributions; any Monte Carlo algorithm that is capable of generating frequency distributions of chord length will suffice. Starting with the code-produced frequency distribution ( ), the frequency mean chord length was calculated according to (6) , the dose distribution ( ) was produced according to (7) , and the dose mean chord length was calculated according to (8) . This work is limited in scope to the rectangular parallelepiped (RPP) but the method is applicable to all convex bodies.
Results and Discussion
Frequency and dose distributions of chord length crossings for RPPs of four unique relative dimensions are presented. In each plot, the normal-line-weight curve represents the frequency distribution ( ) and the heavy-line-weight curve represents the dose distribution ( ). Figure 1 shows the ( ) and ( ) distributions for a RPP with relative dimensions 1 × 1 × 1, a cube. The peak at 1.0 corresponds to the dimension of the same value. Figures 2,  3 , and 4 show the ( ) and ( ) distributions for a noncubic RPP with relative dimensions 2.5 × 1 × 0.625, 2 × 2 × 0.5, and 4 × 4 × 0.4, respectively. Likewise, the peaks in these distributions correspond to the dimensions of the same value. Each frequency distribution was produced by 1 × 10 7 iterations of the Monte Carlo algorithm [18] . A comparison of and values for each geometry appears in Table 1 along with the percent differences between the two.
Each unique geometry presented has the same value despite having unique ( ) distributions. In each case, the ( ) distribution was weighted by to produce ( ), as described in (7) . It is these differences in the ( ) distributions, as well as the weighting found in the ( ) distributions, that lead to the significant differences in the values despite each geometry having the same value. While the long-chord-length crossings are quite rare, they represent a disproportionately high contribution to the total dose. This characteristic is made evident by large differences between the and values for each geometry presented in Table 1 . Even for the least extreme case of the cube, and differ by 34.5%. As the RPP becomes less cubic, the difference A quick comparison to previous work confirms the validity of the dose mean chord length methodology presented in (8) . Since is the ratio of the second and first moments of the ( ) distribution, it would be expected that the product of and would be equal to the second moment of the ( ) distribution. Simple arithmetic applied to the RPP of relative dimensions 1 × 1 × 1, a unit cube, gives the second moment of the ( ) distribution as × = 0.667 × 0.897 = 0.598 (9) which matches the value of 0.5978 given by Coleman as the second moment of the distribution of the random path lengths through a unit cube [20] .
Conclusion
Frequency and dose distributions of chord length crossings were presented for RPPs of varying relative dimensions, each with the same frequency mean chord length. The frequency mean chord length and dose mean chord length were presented for each unique geometry. In every case, was greater than . Even for the least extreme case of the cube, and differ by more than 30%. The significant differences presented between and illustrate the importance of considering long-chord-length crossings in radiation hardness testing despite their relatively low probability of occurrence.
